Complex formations in aqueous solutions (pH = 9.7~11.8) containing uranyl ions (5 or 20 mM, M = mol dm -3 ) carbonate ions (0.04, 0.12, or 1.05 M), and hydrogen peroxide have been studied using UV-vis and NMR spectroscopic methods. In 17 O NMR spectra, a peak due to uranyl "yl" oxygen of UO 2 (CO 3 ) 3 4was observed at 1099 ppm, and with an increase in [H 2 O 2 ], the intensity of this peak decreases and two peaks were newly appeared at 1094 and 1103 ppm, respectively. In 13 C NMR spectra, a carbonate peak of UO 2 (CO 3 ) 3 4and two peaks due to other carbonate complexes were observed at 170.4, 169.8, and 169.9 ppm, respectively. In addition, it was found that the peak intensities of 17 O signals observed at 1094 and 1103 ppm change in proportion to those of 13 C signals observed at 169.9 and 169.8 ppm. From the NMR peak areas, two new uranyl complexes were proposed as species with the molar ratio of UO 2 2+ : CO 3 2-= 1: 2. Furthermore, the UV-vis absorption spectral changes with the addition of H 2 O 2 to the aqueous solutions containing uranyl ions and carbonate ions were analyzed by the least-square fitting on the basis of the formation of UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes except for UO 2 (CO 3 ) 3 4-. As a result, the formation constants (logK) for UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6were estimated as 7.9 ± 0.6 and 31.9 ± 0.6, respectively. Using the obtained formation constants, the molar absorptivity of UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6were evaluated. It was found that the UO 2 (O 2 )(CO 3 ) 2 4complex has an absorption peak at 350.6 nm and a shoulder around 420.0 nm, and their values are 1260 ± 21 and 893 ± 18 M -1 cm -1 , and that the absorption spectrum of (UO 2 ) 2 (O 2 )(CO 3 ) 4 6have a shoulder around 346.0 nm ( = 1720 ± 24).
Introduction
Properties of uranyl species in aqueous solutions containing OHand H 2 O 2 have received a lot of attention from a viewpoint of an assessment of geological disposal of spent nuclear fuels. Considerable numbers of studies related to nuclear fuel corrosion [1] and the dissolution behavior of UO 2 in solutions containing H 2 O 2 and carbonate (HCO 3 -, CO 3 2-) which must be exist under geological disposal conditions have been performed [2] . Burns et al. have discovered peroxide-containing uranyl minerals and studied properties of a lot of uranyl cluster which has hydroxide ion and peroxide as ligand [3] . In solution chemistry of uranyl species, chemical equilibria in the uranyl(VI)-hydroxide-peroxide and uranyl(VI)peroxide systems have been studied using NMR, potentiometric and spectrophotometric methods [4] [5] [6] . Furthermore, from the viewpoints of reprocessing of spent nuclear fuels, the dissolution behavior of UO 2 in alkaline aqueous solutions containing carbonate and the dissolution products have been studied [7] [8] [9] [10] .
However, limited information is available concerning studies on aqueous solutions containg uranyl(VI), hydrogen peroxide, and carbonate ion. Branica et al. have studied the reaction of UO 2 (CO 3 ) 3 4dissolving in the seawater with H 2 O 2 generated by radiolysis caused by sun light [11] . Recently, Runde et al. have succeeded in the isolation of orange K 4 [UO 2 (CO 3 ) 2 (O 2 )]•H 2 O crystals [12] and also studied the following reaction in the aqueous solution containing K 2 CO 3 (0.5 M, M = mole dm -3 ) and [UO 2 (CO 3 ) 3 ] 4-(0.1 ~ 0.55 mM) [13] .
[UO 2 (CO 3 ) 3 ] 4-+ HO 2 -[UO 2 (O 2 )(CO 3 ) 3 ] 4-+ CO 3 2-+ H + They reported that an apparent formation constant (logK') is 4.70 ± 0.02 and that the molar absorptivity (M -1 cm -1 ) for [UO 2 (CO 3 ) 3 ] 4and [UO 2 (O 2 )(CO 3 ) 3 ] 4are 23.3 ± 0.3 at 448.5 nm and 1022.7 ± 19.0 at 347.5 nm, respectively. In their experiments, the aqueous solutions containing uranyl(VI) of low concentrations (< 0.55 mM) were used to avoid the formation of polynuclear U(VI) species or unknown U(VI) clusters with increasing U(VI) concentration [13] .
In this study, therefore, properties of uranyl(VI) in the aqueous solutions containing hydrogen peroxide, carbonate ion, and uranyl(VI) of relatively high concentrations were studied by using UV-vis and NMR spectrometers
Experimental

Measurements of NMR spectra
NMR spectra were measured using JEOL JNM-ECX400P at 25 ºC. Starting sample solutions were prepared by mixing aqueous solution dissolved UO 2 (ClO 4 ) 2 with 17 O enriched uranyl "yl" oxygen, 99% 13 C enriched Na 2 CO 3 (Cambridge isotope laboratories), and 10% D 2 O. The 10% D 2 O solution was prepared by mixing 99.9% D 2 O (ACROS) with distilled water. The stock solution dissolved 17 O enriched UO 2 (ClO 4 ) 2 (U 17 O 2 (ClO 4 ) 2 ) was prepared as follows [14] . To UO 2 (ClO 4 ) 2 solution, 21.1% 17 O enriched H 2 O was added. And then the solution was emitted UV light to replace uranyl "yl" oxygen of UO 2 (ClO 4 ) 2 by the oxygen of 17 
Measurements of UV-vis absorption spectra
UV-vis absorption spectra were measured by using SHIMADZU UV-3150 at 24 ± 2 ºC. The sample solutions for measuring UV-vis absorption spectra were prepared by dissolving Na 4 [UO 2 (CO 3 ) 3 ] and Na 2 CO 3 into H 2 O. The Na 4 [UO 2 (CO 3 ) 3 ] was synthesized by literature method [15] .The pH values of each sample solution were measured using AS ONE pH METER (1-6938-21) . The sample solution of 4 ml was placed in an optical cell (its optical path length: 0.037cm ). To the sample solution in the optical cell, appropriate amounts of H 2 O 2 were added gradually by using micro pipette up to [H 2 O 2 ]/[UO 2 ] = 0.5, and each UV-vis absorption spectrum was measured. Solution compositions of samples for the measurements of UV-vis absorption spectra are listed in Table2 and TableS1 (Sample No.3' and No.4'), where the concentrations were calculated considering increment of sample volume. The ionic strength of all sample solutions was adjusted to 3.2M using Na 2 SO 4 . The SO 4 2species are considered not to affect the equilibrium systems in the present solutions, because its coordination ability should be weaker than CO 3 2-. The stability constants of uranyl complexes were calculated by the least-square fitting of the UV-vis absorption spectra. The least square fitting was performed using program HypSpec [16, 17] . The UV-vis absorption spectra of 32 (sample (1'-1)~(1'8), (2'-1)~(2'-8), (3'-1)~(3'-8), and (4'-1)~(4'-8) ) in the range from 300 to 500 nm were used for HypSepc fitting.
Result and Discussion
In the aqueous solution containing carbonate ions (pH > 8), uranyl(VI) species is well known to exist as UO 2 (CO 3 ) 3
4-
. Initially, we measured 17 O NMR spectrum of sample solution (1-1) in Table 1 , which was prepared by mixing the aqueous solution dissolved U 17 O 2 (ClO 4 ) 2 with 99% 13 C enriched Na 2 CO 3 . Figure  1- (1-1) shows the 17 O NMR spectrum around 1100 ppm of such a solution. As seen from this figure, only one peak is observed at 1099 ppm. This peak can be assigned as the uranyl "yl" oxygen of UO 2 (CO 3 ) 3 4-, because the 17 O NMR signal of "yl" oxygen is known to be observed at 1098 ppm [18, 19] . 13 C NMR spectrum of sample (1-1) was also measured. The result is shown in Fig. 2 -(1-1). Two peaks are found to be observed around 169.3 and 170.4 ppm, which are consistent with the reported chemical shifts assigned as the free CO 3 2and the coordinated CO 3 2of UO 2 (CO 3 ) 3 4-, respectively [20, 21] . From these results, it is concluded that the uranyl(VI) species exist as UO 2 (CO 3 ) 3 4under the experimental conditions ([UO 2 2+ ] T = 21 mM, [CO 3
2-] T = 0.12 M, pH = 10.9). In order to examine the uranyl species formed by adding of H 2 O 2 to the sample solution (1-1), we measured 17 O and 13 C NMR spectra of sample solutions (1-2 ~ 1-5) listed in Table 1 . The results are shown in Figs. 1 and 2. In these measurements, the ratios of [H 2 O 2 ] T /[UO 2 ] T were adjusted less than 0.5, because under the conditions, [H 2 O 2 ] T /[UO 2 ] T > 0.5, some small peaks other than peaks shown in Figs. 1 and 2 were observed and the estimation of peak area ratios of these signals were difficult.
As seen from Fig. 1 , with an increase in [H 2 O 2 ] T up to [H 2 O 2 ] T /[UO 2 ] T = 0.5, two 17 O NMR peaks are newly appear at 1094 and 1103 ppm with a decrease in the intensity of peak at 1099 ppm. In Fig. 2 , the intensity of peak (170.4 ppm) due to the coordinated CO 3 2of UO 2 (CO 3 ) 3 4decreases and new peaks appear at 169.8 and 169.9 ppm with an increase in [H 2 O 2 ] T . And also, the peak due to free carbonate (around 169.3 ppm) is found to shift to the high-field with an increase in [H 2 O 2 ] T . This is considered to be due to the effect of pH changes because the free carbonate peak is observed as the time-averaged signal of CO 3 2and HCO 3 and their concentrations are changed with pH [20] . The pH values of sample solutions were determined based on the relationship between pH values and the chemical shift of free carbonate. The present results suggest that two new uranyl species existing in equilibrium with UO 2 (CO 3 ) 3 4are formed with the addition of H 2 O 2 .
Furthermore, it is found from Figs. 1 and 2 that the peak intensities of 17 O NMR signals at 1094 and 1103 ppm change in proportion to those of 13 C NMR signals at 169.9 and 169.8 ppm, respectively. Therefore, it is suggested that one of two uranyl species other than UO 2 (CO 3 ) 3 4gives the 17 O NMR signal at 1094 ppm and the 13 C signal at 169.9 ppm, and another species shows 17 O and 13 Table 3 , and suggest that the molar ratios (UO 2 2+ : CO 3 2-) are almost 1: 2 in both Com-I and -II complexes. Table 1 . To examine the effect of concentrations of free carbonate on the reactions of UO 2 (CO 3 ) 3 4with H 2 O 2 , 17 O and 13 C NMR spectra of sample solutions (2-1 ~ 2-3) listed in Table 1 were measured. The results are shown in Figs. 3 and 4 , respectively. As seen from Fig. 3 , the intensity of peak at 1099 ppm decreases and two new peaks appear at 1094 and 1103 ppm with increasing [H 2 O 2 ] T . This phenomenon is similar to that shown in Fig. 1 . However, the relative intensity of signal at 1094 ppm to that at 1103 ppm in Fig. 3 is larger than that in Fig. 1 . Similar phenomena are also observed in the 13 C NMR spectra shown in Fig. 4 , that is, the intensity of peak at 170.4 ppm due to the coordinated CO 3 2of UO 2 (CO 3 ) 3 4decreases and new peaks appear at 169.8 and 169.9 ppm with an increase in [H 2 O 2 ] T , and the intensity of signal at 169.9 ppm is bigger than that at 169.8 ppm contrary to 13 C NMR spectral changes shown in Fig. 2 . The large peaks observed around 170.7 ppm are due to free carbonate ions.
These results indicate that even in the aqueous solutions containing high concentration of carbonate ion, Com-I and Com-II can be formed under the conditions [H 2 O 2 ] T /[UO 2 ] T < 0.5 and that Com-I is formed more predominantly than Com-II. Table 1 .
Based on the results of 17 O and 13 C NMR studies, we carried out the spectrophotometric titrations by adding H 2 O 2 solutions to the aqueous solutions dissolving Na 4 [UO 2 (CO 3 ) 3 ] and Na 2 CO 3 . Solution compositions and pH of samples in this experiment are listed in Table 2 and Table S1 . Figure 5 From the results of NMR measurements and spectrophotometric titrations, it is proposed that Com-I corresponds to UO 2 (O 2 )(CO 3 ) 2 4and that Com-II is formed predominantly under the conditions of relatively low [CO 3
2-] T . And also it is likely that Com-II is (UO 2 ) 2 (O 2 )(CO 3 ) 4 From the matters mentioned above, it is expected that the following chemical reactions (1) ~ (6) are present in this experimental conditions. The formation constants (logK) for reactions (2) and (3) were evaluated by the least-square fitting of absorption spectra shown in Figs 5, 6 , S1, and S2. In these fittings, the logK values for reactions (1), (4), (5) , and (6) were kept constant as listed in Table 4 4 6were estimated as 7.9 ± 0.6 and 31.9 ± 0.6, respectively. The standard deviation in the least square fitting was 7.7 × 10 -3 . It is known that in this type fitting the standard deviation below 1.0 × 10 -2 and the deviation of refined values less than 1% mean good fit [22] . Figure 7 displays a typical example for comparison of the experimental absorption spectra with the calculated absorption spectra in sample No. 1' series. The calculated absorption spectra are found to be in fair agreement with the experimental spectra. Hence, although the deviations in the calculated formation constants are a little big, these data should be acceptable. Using the obtained formation constants, the molar absorptivity ( ) of UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes were calculated and are shown in Fig. 8 with that of UO 2 (CO 3 ) 3 4-. As seen from this figure, the UO 2 (O 2 )(CO 3 ) 2 4complex has a peak at 350.6 nm and a shoulder around 420.0 nm. This spectrum is very similar to that reported by Runde et al. [13] , that is, the values at 350.6 and 420.0 nm are 1260 ± 21 and 893 ± 18 M -1 cm -1 , and are almost consistent with the reported data, 1022.7 ± 19.0 (347.5 nm) and 705.5 ± 14.8 (420.0 nm) M -1 cm -1 . The absorption spectrum of (UO 2 ) 2 (O 2 )(CO 3 ) 4 6is the first data, and found to have a shoulder around 346.0 nm ( = 1720 ± 24). It is obvious from Fig. 8 that the values of UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes are much larger than that of UO 2 (CO 3 ) 3 4-. This is considered to be caused by a decrease in symmetric property of the UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes and the charge transfer transition [13, 23, 24] . Furthermore, the molar fractions of UO 2 (CO 3 ) 3 4-, UO 2 (O 2 )(CO 3 ) 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6under the experimental conditions listed in Table 1 were calculated using the formation constants for UO 2 (CO 3 ) 3 4-, UO 2 (O 2 )(CO 3 ) 4-, and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6-. And also based on the assignments that peaks of 17 O and 13 C NMR signals observed at 1094 and 169.9 ppm are due to UO 2 (O 2 )(CO 3 ) 4and that those at 1103 and 169.8 ppm are attributed to (UO 2 ) 2 (O 2 )(CO 3 ) 4 6-, the molar fractions of UO 2 (CO 3 ) 3 4-, UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6were estimated from the peak areas of 17 O NMR spectra shown in Figs. 1 and 3 . The results are shown in Figs. 9 and 10. As seen from Fig. 10 seem to be due to the errors in the molar fractions estimated using the relatively low intensity of 17 O peak of (UO 2 ) 2 (O 2 )(CO 3 ) 4 6in Fig. 3 Fig. 10 . (a) The molar fractions of UO 2 2+ species calculated using the formation constants in Table 4 for the sample No 2' system.
(b) The molar fractions of UO 2 2+ species calculated by the peak areas of 17 O NMR spectra for the sample No.2 system.
Conclusion
We have studied the complex formations in aqueous solutions containing uranyl ions (5 or 20 mM), carbonate ions (0.04, 0.12, or 1.05 M), and hydrogen peroxide by using UV-vis and NMR spectroscopies. In this study, to simplify the aqueous system, the [H 2 O 2 ] T /[UO 2 2+ ] T ratios were changed up to 0.5 and the pH region was changed in the range from 9.7 to 11.8. Under these conditions, the UO 2 (CO 3 ) 3 4-, UO 2 (O 2 )(CO 3 ) 2 4-, and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes were found to exist in the present solutions. From the analyses of spectrophotometric titrations, the following chemical formation constants were obtained. Using the above equilibrium constants, the values of UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes were evaluated. As a result, it was found that the UO 2 (O 2 )(CO 3 ) 2 4complex has a peak at 350.6 nm and a shoulder around 420.0 nm, and their values are 1260 ± 21 and 893 ± 18 M -1 cm -1 , and that the absorption spectrum of (UO 2 ) 2 (O 2 )(CO 3 ) 4 6have a shoulder around 346.0 nm ( = 1720 ± 24). The values of UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes are much larger than that of UO 2 (CO 3 ) 3 4-. This is considered to be due to a decrease in symmetric property of the UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6complexes and the charge transfer transition. In addition, it was found that 17 O NMR peaks at 1094 and 1103 and 13 C NMR peaks at 169.8 and 169.9 ppm are assigned as "yl" oxygen and coordinated CO 3 2of UO 2 (O 2 )(CO 3 ) 2 4and (UO 2 ) 2 (O 2 )(CO 3 ) 4 6-, respectively.
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